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Abstract 42 
 43 
Purpose: The assessment of voluntary activation of the knee extensors using transcranial magnetic 44 
stimulation (VATMS) is routinely performed to assess the supraspinal function. Yet methodological 45 
scrutiny of the technique is scarce. The aim of the present study was to examine face validity and 46 
reliability of VATMS and its two main determinants (superimposed twitch during a maximal voluntary 47 
contraction [SIT100%] and estimated resting twitch [ERT]). Methods: SIT100%, ERT, and VATMS were 48 
measured on 10 healthy males (age: 24 ± 5 years) before and following intermittent isometric fatiguing 49 
exercise on two separate occasions. Results: The findings indicated issues regarding the accuracy of 50 
ERT and suggested a three-point relationship should not be used to determine ERT. Reliabilities for 51 
VATMS, SIT100% and ERT were acceptable pre- but much weaker post-exercise (especially for SIT100%). 52 
Despite statistically significant changes in main neuromuscular variables following the intermittent 53 
isometric fatiguing exercise (P<0.05), when post-exercise reliability was considered, the exercise effect 54 
on VATMS was smaller than the smallest detectable change in 18 of the 20 individual tests performed, 55 
and for the whole sample for one of two visits. Finally, Maximal voluntary contraction was reduced 56 
significantly following the neuromuscular assessment (NMA) pre-exercise but recovered during the 57 
NMA post-exercise. Conclusion: This is the first study to demonstrate a lack of sensitivity of key 58 
neuromuscular measurements to exercise and to evidence both presence of neuromuscular fatigue 59 
following the NMA in itself, and recovery of the neuromuscular function during the NMA post-60 
exercise. These results challenge the face validity of this routinely used protocol. 61 
 62 
Words: 250 63 
 64 
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Abbreviations 68 
 69 
ERT  Estimated resting twitch 70 
ICC   Intraclass correlation 71 
KE  Knee extensors 72 
MEP  Motor evoked potential 73 
MVC  Mximal voluntary contractions 74 
NMA  Neuromuscular assessment 75 
POT  Potentiated twitch force 76 
SDC  Smallest detectable change 77 
SIT  Superimposed twitch 78 
SIT100% Superimposed twitch during a maximal voluntary contraction 79 
TMS   Transcranial magnetic stimulation 80 
VA  Voluntary activation 81 
VATMS  Voluntary activation using transcranial magnetic stimulation 82 
VC  Voluntary contraction 83 
  84 
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Introduction 85 
 86 
The generation of muscle force during a voluntary contraction is initiated by the motor cortex. The 87 
level of neural drive from the motor cortex  to the force-generating muscles, i.e. voluntary activation 88 
(VA; see review (Gandevia 2001)), can reach 90-95% during maximal voluntary contractions (MVC) 89 
of non-fatigued healthy muscles (Lee et al. 2008; Sidhu et al. 2009a; Sidhu et al. 2009b; Todd et al. 90 
2003). Exercise may reduce VA, a phenomenon defined as central fatigue (see review(Gandevia 91 
2001)). 92 
 93 
Major advances in the design of neuromuscular assessment protocols (NMA) to study VA have been 94 
made since the interpolated twitch technique was first proposed (Merton 1954). To quantify VA, a 95 
single supramaximal stimulation of all motor neurons innervating the muscle can be performed during 96 
an isometric voluntary contraction. The presence of an evoked superimposed twitch (SIT), the 97 
amplitude of which is normalized to a twitch elicited by the same supra-maximal stimulation in the 98 
potentiated but relaxed muscle (i.e. Resting Twitch; RT), may be interpreted as sub-optimal VA 99 
(Merton 1954). In complement to this peripheral stimulation, transcranial magnetic stimulation (TMS) 100 
of the motor cortex provides further information regarding the site of neural drive impairment, i.e. 101 
supraspinal mechanisms (see review (Gandevia 2001)): The presence of a superimposed twitch 102 
evidences suboptimal motor output from the motor cortex (Gandevia et al. 1996; Lee et al. 2008; Sidhu 103 
et al. 2009a; Sidhu et al. 2009b; Todd et al. 2003) 104 
 105 
In their original work on the elbow flexors (Todd et al. 2003),  recognised the challenges associated 106 
with the measure of VA from transcranial magnetic stimulation of the motor cortex (VATMS) due to the 107 
inappropriateness of the cortically evoked resting twitch to normalise the superimposed twitch (Di 108 
Lazzaro et al. 1998; Ugawa et al. 1995), mirroring the original method based on supramaximal 109 
stimulation of axons of motor neurons (Todd et al. 2003). A method for estimating the resting 110 
motoneural output evoked by cortical stimulation, based on a linear extrapolation of the relationship 111 
between cortically evoked super-imposed twitch (SIT) and voluntary force (> 50% MVC) was 112 
proposed, tested and validated for the elbow flexors (Todd et al. 2007; Todd et al. 2003; Todd et al. 113 
2004). This estimated resting twitch (ERT in Equation 1) is then used for computation of VATMS. Since 114 
then, this technique has been validated in the knee extensors (Sidhu et al. 2009a), plantar flexors 115 
(Green et al. 2014), back extensors (Lagan et al. 2008) and wrist extensors (Lee et al. 2008).  116 
 117 
Equation 1: 𝐕𝐀𝐓𝐌𝐒 (%) = (𝟏 −
𝐒𝐈𝐓
𝐄𝐑𝐓
)  𝒙 𝟏𝟎𝟎 118 
 119 
In exercise physiology, a significant loss in VATMS following physical exercise has a clear and accepted 120 
qualitative meaning - supraspinal fatigue is present (Sogaard et al. 2006; Taylor et al. 2006). For the 121 
‘interpretability’ (Mokkink et al. 2010) of a reduction in VATMS as evidence of supraspinal fatigue, its 122 
measure must be highly (1) reliable (i.e. free from measurement error - also called ‘absolute reliability’ 123 
or ‘agreement’; and (2) responsive (i.e. ability to detect change over time in the construct being 124 
measured; (Terwee et al. 2010)). This interpretability also requires for the measurement to hold strong 125 
(3) face validity (i.e. adequate reflection of the construct to be measured), both pre- and post-exercise 126 
(Mokkink et al. 2010). Because the reliability of both ERT and SIT threatens the evaluative properties 127 
of VATMS (Equation 1), minimal measurement errors for these variables should also be sought. 128 
 129 
A three-contraction NMA (100%, 75% and 50% MVC), repeated three times, is today the gold 130 
standard protocol used in the measurement of supraspinal fatigue following cycle (Girard et al. 2013; 131 
Jubeau et al. 2014; Sidhu et al. 2009a; Thomas et al. 2016; Thomas et al. 2015) or knee-extension 132 
exercise (Goodall et al. 2010; Gruet et al. 2014; Periard et al. 2014). This method seems to provide 133 
good measures of absolute reliability for VATMS in the fresh muscle, with coefficients of variation (CV) 134 
< 3% (Goodall et al. 2009; Goodall et al. 2017; Thomas et al. 2016; Thomas et al. 2015). Absolute 135 
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reliabilities in a fatigued state have been reported in a single study with indications that reproducibility 136 
is much weaker compared to a fresh state (ERT: 8-9%, VATMS: 5-18%; (Goodall et al. 2017). Poor 137 
reliability in a fatigued state could mean that the technique of VATMS may not be accurate in 138 
calculating the degree of supraspinal fatigue experienced by exercise performers. Intraclass Correlation 139 
Coefficients (ICC) indicates good relative reliability for VATMS of the fresh knee extensors (r = 0.85-140 
0.95 in (Sidhu et al. 2009a); 0.94 in (Goodall et al. 2009); 0.90 in (Goodall et al. 2017); 0.98 in 141 
(Thomas et al. 2015); 0.90 in (Thomas et al. 2016) and this finding is of value for those interested in 142 
the diagnosis of corticospinal drive impairments in a fresh state (Sidhu et al. 2009a). But it is a high 143 
absolute reliability that is critical when interpreting VATMS changes post-intervention so that a true 144 
change can be detected (Beaulieu et al. 2017; Schambra et al. 2015). Currently there is only one study 145 
reporting reliability of SIT scores (Goodall et al. 2009). 146 
 147 
The calculation of the ERT assumes a linear relationship between SIT and voluntary torque. Whilst the 148 
exact number of data points used to estimate this relationship is often not explicitly stated, in the 149 
literature there appears to have been a shift from the inclusion of multiple (Sidhu et al. 2009a; Sidhu et 150 
al. 2009b): 5-28 points), to a minimum of three points (Mira et al. 2017) with scarce evidence 151 
regarding the goodness-of-fit of the linear model. Finally, face validity of any NMA protocol may be 152 
threatened by a possible NMA-induced fatigue effect or, when the NMA is performed after the 153 
completion of a fatiguing exercise, confounded by a potential recovery effect. Goodall et al. (2009) 154 
reported a recovery of SIT during their NMA protocol. MVC, potentiated twitch force, and VATMS 155 
(Gruet et al. 2014) have been shown to recover within a few minutes in the knee extensors (see review 156 
(Carroll et al. 2017). This threat to the face validity of what is today the gold standard protocol for the 157 
measure of VATMS has not been scrutinised any further. 158 
 159 
Therefore, the present investigation is a scrutiny of the three-contraction protocol (100%, 75% and 160 
50% MVC) routinely used to assess supraspinal fatigue following exercise in the knee extensors. The 161 
present study was designed to (1) test the reproducibility of previously published findings (Goodall et 162 
al. 2009; Goodall et al. 2017; Sidhu et al. 2009a; Thomas et al. 2016; Thomas et al. 2015) by 163 
quantifying the absolute reliability of VATMS in the fresh knee extensors, with the addition of the 164 
reliability of the two main VATMS determinants (i.e. SIT100% and ERT; Equation 1) alongside an 165 
examination of the relationship between SIT amplitude and voluntary torque; (2) to quantify absolute 166 
and relative reliability for SIT, ERT and cortical VATMS in the fatigued knee extensors; (3) to ascertain 167 
whether the main measurement outcomes hold face validity in a fresh muscle (pre-exercise) by testing 168 
for a fatigue effect, and in a fatigued muscle (post-exercise) by testing for a recovery effect; (4) to test 169 
the responsiveness of the main measurement outcomes following a fatiguing exercise. We 170 
hypothesized that: (1) Pre-exercise, absolute and relative reliability for VATMS and ERT would be good 171 
(CV ≤ 5%, ICC > 0.85), in accordance with previous findings. There is no published evidence 172 
concerning the reliability of the SIT, but because VATMS has good reliability pre-exercise, we expected 173 
similar values for both ERT and SIT; (2) Lower absolute and relative reliability of all NMA variables 174 
in the fatigued muscles, in accordance with previous findings (Goodall et al. 2017); (3) No 175 
development of fatigue throughout the NMA assessment in a fresh muscle but a significant muscular 176 
recovery for MVC and potentiated twitch force while the NMA protocol is taking place post-exercise.  177 
 178 
Material and Methods 179 
 180 
Ethical approval 181 
 182 
All experimental procedures were conducted in accordance with the Declaration of Helsinki, except for 183 
registration in a database, with approval granted by the institute’s research ethics committee (issued by 184 
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the institution’s Tier 2 ethics committee where this study was conducted on 15/03/2016). Written 185 
informed consent was provided by all volunteers prior to participation. 186 
 187 
Participants 188 
 189 
Ten healthy, recreationally active males (mean ± SD; age: 24 ± 5 years) volunteered to participate in 190 
the present investigation. Prior to enrolment, participants were informed of the purpose of the 191 
investigation and completed a health-screening questionnaire, ensuring each was free of 192 
contraindications to TMS (Rossi et al. 2011). Participants were not taking prescribed medication and 193 
reported no history of cardiovascular, neurological or musculoskeletal disorders. Over the duration of 194 
the investigation, participants were instructed to refrain from the consumption of both caffeine and 195 
alcohol, and the performance of strenuous exercise in the 24 hours preceding each visit.  196 
 197 
Experimental set-up 198 
 199 
Isometric contractions of the right knee extensors were performed on a multi-joint isokinetic 200 
dynamometer (CON-TREX® MJ, CMV AG, Dubendorf, Switzerland). The reliability of this system in 201 
the assessment of knee extensors’ function has previously been reported (Maffiuletti et al. 2007). 202 
Participants sat on the high-backed dynamometer with hip and knee angles set at approximately 85º 203 
and 90º, respectively (0º = full extension). Extraneous movements of the upper body were minimized 204 
through straps fastened across both the chest and pelvis, and a cushioned restraint placed across the 205 
active mid-thigh. Participants’ head motion was constrained through a cervical neck brace attached to 206 
the back of the dynamometer. A shin-pad attached to the lever arm of the dynamometer was secured to 207 
the participant’s leg approximately 3-4 cm proximal to the lateral malleolus. The centre of the 208 
rotational axis of the dynamometer was aligned to the axis of the knee joint (lateral femoral 209 
epicondyle) before the start of each trial. During knee extensors contractions, participants were 210 
instructed to place their arms across their chest, griping the contralateral shoulder strap.  211 
 212 
Torque and Electromyography (EMG)   213 
 214 
Isometric torque was digitized (4 kHz) and analysed using LabChart v7.0 software (ADInstruments, 215 
Oxfordshire, UK). Surface EMG activity was recorded from the right vastus lateralis (VL) and bicep 216 
femoris (BF) with pairs of self-adhesive electrodes (Kendall
TM
 H59P, Coviden, Massachusettes, USA). 217 
Electrode pairs were positioned intersecting the muscle belly based on SENIAM guidelines (Hermens 218 
et al. 2000) and adjusted to optimise the electrically-evoked responses. The reference electrode was 219 
placed on the electrical neutral ipsilateral patella. The skin-electrode interface was prepared by shaving 220 
the recording area, lightly abrading and cleansing with a 70% (v/v %) isopropyl alcohol wipe to 221 
minimize electrical resistance. The site of electrode placement was recorded in relation to set 222 
anatomical landmarks and photographs taken to standardise electrode orientation across repeated 223 
measures. EMG signals were amplified (gain x1000) (PowerLab 26T; ADInstruments), digital band-224 
pass filtered (20-2000 Hz), digitized (4 kHz), recorded and later analysed off-line (LabChart v7.0). 225 
 226 
Stimulation techniques 227 
 228 
 6 
Torque and EMG responses to TMS over the motor cortex and electrical femoral nerve stimulation 229 
were used to characterise VATMS and peripheral neuromuscular function of the knee extensors, 230 
respectively.  231 
 232 
Femoral nerve stimulation: Single percutaneous electrical stimuli (duration: 200 s) were delivered to 233 
the right femoral nerve via a pair of square (5 x 5 cm) self-adhesive neuro-stimulation electrodes 234 
(Valutrode CF5050; Axelgaard Manufacting Co., Ltd., California, USA), attached to a high-voltage 235 
(maximal voltage: 400 V) constant-current stimulator (Model DS7AH, Digitimer Ltd., Hertfordshire, 236 
UK). The cathode was placed high in the femoral triangle with the anode positioned midway between 237 
the ipsilateral greater trochanter and iliac crest (Sidhu et al. 2009a). Precise location of cathode 238 
placement was determined through systematic adjustments of the electrode until the greatest twitch 239 
torque (Qtw) and VL muscle compound action potential (M-wave) amplitude was elicited for a 240 
particular sub-maximal current (~70 – 90 mA) (Johnson et al. 2015). This position was recorded and 241 
marked with indelible ink for replication between each trial. Optimal stimulation intensity was defined 242 
as the intensity at which a plateau in both Qtw and VL M-wave was exhibited. Optimal stimulation 243 
intensity was determined through progressive increments in stimulator current (+20 mA) from 10 mA, 244 
with two stimuli delivered at each intensity. Stimulation intensity was increased by a further 30% in 245 
order to ensure full spatial recruitment of knee extensors’ motor units. This process was repeated 246 
before each trial, with a small difference observed between sessions (147 ± 41 mA; 132 ± 39 mA; t(9) = 247 
2.45, P=0.04). 248 
TMS: Single magnetic, monophasic stimuli (duration: 1 ms) were manually delivered over contralateral 249 
(left) primary motor cortex, powered by a magnetic stimulator (maximum output of 1.4 T) (Magstim200, 250 
The Magstim Company Ltd., Whitland, UK), using a concave (110 mm) double-cone coil. Orientation 251 
of the coil was positioned so as to induce a posterior-anterior intracranial current flow within the 252 
cortex. Optimal coil position (1-2 cm left of vertex) was defined as the site at which the largest motor 253 
evoked potential (MEP) was evoked in the VL during a weak contraction (20% MVC) of the knee 254 
extensors at 70% maximal stimulator output, with minimal concurrent activation of the antagonist BF, 255 
based on the incidental MEP evoked when stimulating the knee-extensors. This site was marked 256 
directly onto the scalp with indelible ink. knee extensors MEP response plateaus with increasing 257 
stimulator output, but antagonist excitability increases with higher intensities which may reduce the 258 
size of the superimposed twitch (Jubeau et al. 2014) resulting in the possible overestimation of VA 259 
(Bachasson et al. 2016; Todd et al. 2016). As such, stimulator output intensity during the assessment of 260 
VATMS was selected based on the largest SIT evoked during a brief (~6 s) contraction at 50% MVC 261 
(Thomas et al. 2016). Stimulator output intensity was increased step-wise in 5% increments from 50% 262 
of maximal stimulator output until a plateau was reached, with two stimuli delivered at each intensity 263 
during a single contraction, then averaged. Each contraction was separated by 15 s rest. The 264 
determination of stimulator intensity was conducted prior to each trial, with no difference in mean 265 
stimulator output observed throughout the experimental period (66 ± 8%; 65 ± 8%; t9 = 1.41, P=0.19). 266 
The stimulator output activated a similar proportion of the knee extensors motoneuron pool across 267 
sessions, as evidenced by the comparable MEP/Mmax ratio during knee extensors MVCs (no between-268 
session difference, F(1,8)=0.56, P=0.48; no exercise effect, F(1,8)=0.01, P=0.90; significant difference 269 
between the three levels of contractions, F(2,16)=6.08, P=0.01; Figure 1A). Moreover, this intensity 270 
simultaneously evoked small absolute MEP responses in the antagonist BF (between-session 271 
difference, F(1,9)=9.82, P=0.01; no exercise effect, F(1,9)=1.94, P=0.19; significant difference between 272 
the three levels of contractions, F(2,18)=7.67, P=0.01, but with no difference in the pairwise comparisons 273 
(P>0.05); Figure 1B). 274 
Figure 1. here please  275 
 276 
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Experimental design 277 
 278 
The reliability and accuracy of VATMS was compared across two experimental sessions, both before 279 
and after the induction of neuromuscular fatigue. Participants visited the laboratories on three separate 280 
occasions, with a minimum of 48 hours separating each session (mean experimental duration: 6 ± 4 281 
days). Individual participant trials were conducted at the same time of day (± 2 hours) to account for 282 
diurnal variations in maximal torque generation and corticospinal excitability (Tamm et al. 2009). 283 
During the preliminary session, participants were thoroughly familiarised with the performance of 284 
MVCs and the procedures used within the assessment of VATMS and peripheral neuromuscular 285 
function, before performing a fatiguing single-joint exercise task (see Fatiguing exercise). The 286 
subsequent trials represented the basis of the main experimental investigation. Each trial commenced 287 
with a standardised isometric knee extensors’ contraction warm-up (Froyd et al. 2013), followed by the 288 
performance of 3-4 MVCs (each separated by 2 minutes) until coefficient of variation (CV) across the 289 
final three contractions was <5% (Girard and Racinais 2014). Participants rested while seated for 5 290 
minutes before the experimental trial commenced. Strong verbal encouragement was provided 291 
throughout all voluntary contractions, with visual feedback of torque provided on a monitor positioned 292 
approximately 1.5 m directly in front of the dynamometer.  293 
Neuromuscular assessment (NMA) protocol: The NMA protocol began with the performance of three 294 
brief (3-5 s) MVCs. Percutaneous electrical stimulation of the femoral nerve was applied both on the 295 
plateau in voluntary torque during the final contraction and 1-2s after contraction ended on the relaxed 296 
muscle; this was performed in order to record a fully potentiated twitch force (POT,(Kufel et al. 2002). 297 
The greatest voluntary torque recorded during the three brief maximal contractions was used to set 298 
visual guidelines for the individual submaximal torque levels. Three sets of contractions followed, each 299 
consisting of voluntary contractions at 100%, 75% and 50% MVC, performed in descending order, 300 
with a single TMS pulse superimposed onto each contraction. Each MVC was followed by 301 
percutaneous stimulation of the femoral nerve. Rest periods of 25 s preceded each MVC, with 15 s 302 
preceding each sub-maximal contraction (50% and 75% MVC). Upon completing the three sets of 303 
contractions, a final MVC with resting femoral stimulation was performed in order to assess recovery 304 
of neuromuscular fatigue across the assessment of VATMS. In total, the number of contractions 305 
performed during the assessment of VATMS was 13 and the NMA protocol lasted 279 s (Figure 2). The 306 
NMA was repeated, after a small delay (10 s), upon completing the single-joint fatiguing exercise to 307 
characterise the development of neuromuscular fatigue.            308 
Fatiguing exercise: Devised by (Gruet et al. 2014), a fatiguing isometric exercise reported to induce 309 
rapid reductions in VATMS was adopted. The exercise task consisted of a sustained isometric 310 
contraction at 50% MVC for 15 s, followed immediately by 5 s of maximal effort (MVC). This 311 
sequence was subsequently repeated following 10 s of rest. During the familiarisation session, the 312 
sequence of contractions was performed until task failure, defined as the point at which voluntary 313 
torque fell below 50% MVC for >2 s (Gruet et al. 2014). During the experimental trials, participants 314 
performed only the number of successfully completed contractions completed during the 315 
familiarisation session, in order to standardise time in contraction between trials (mean: 165 s ± 38 s 316 
[range: 120–240 s]).   317 
Figure 2. here please 318 
Data analysis 319 
 320 
For all voluntary contractions conducted during the VATMS assessment protocols, torque was recorded 321 
as the greatest 500 ms average, prior to stimulation. Mechanical (i.e. SIT, POT) and EMG responses 322 
(i.e. MEP and M-wave) were analysed for peak-to-peak amplitude over discreet time-windows (800 323 
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ms) following each stimulation. Root-mean-square EMG was quantified as the 500 ms period prior to 324 
each stimulation. 325 
 326 
Agonist MEP responses were normalised to the electrically evoked EMG response during the maximal 327 
contraction (Mmax) preceding the VATMS assessment sets. It has previously been reported that Mmax is 328 
unaffected by increases in voluntary force from 40% to 100% MVC (Bachasson et al. 2016), removing 329 
the necessity for Mmax at each voluntary torque level. Absolute antagonist MEP amplitude was assessed 330 
at each torque level. All torque and EMG variables were averaged across sets for each voluntary torque 331 
level. To investigate the magnitude of the fatigue effect, indices of peripheral and central 332 
neuromuscular function were compared before and after the performance of the single-joint exercise. 333 
 334 
Fatigue index (%) during the single-joint exercise task was quantified as the change in maximal 335 
voluntary torque from the first to the last contraction of the task. Maximal voluntary torque recorded 336 
during the fatiguing exercise was recorded as the greatest 4 s average during the last 5 s of each 337 
contraction sequence.   338 
 339 
Two methods were used to model the linear regression between SIT amplitude and voluntary torque 340 
(Todd et al. 2003; Todd et al. 2004): (1) all 9 data points over the three contraction levels were 341 
included in the linear regression (Lee et al. 2008; Sidhu et al. 2009b; Todd et al. 2004); (2) an average 342 
of the three values for each level of contraction was computed, providing three data points for the 343 
linear regression  VATMS was then calculated using Equation 1. Least-squares linear regressions were 344 
performed to determine ERT as the y-intercept of the linear SIT-VC relationship. Coefficients of 345 
determination (r2) and standard error (SE) associated with slope and y-intercept estimates were 346 
calculated to examine the goodness-of-fit of the models. 347 
 348 
Statistical analysis 349 
 350 
Data is reported as mean ± SD for parametric sets unless otherwise stated. Normal Gaussian 351 
distribution set was verified for each data using the Shapiro-Wilk test. Two- and three-way ANOVAs 352 
with repeated measures were performed on the main neuromuscular variables to assess effects for 353 
fatiguing exercise (2 levels; pre- vs post-exercise), NMA protocol (2 levels; pre- vs post-NMA), and 354 
session (2 levels: Session 1 vs 2) depending on the research question. The compound symmetry, or 355 
sphericity, was checked using Mauchly’s test. When the assumption of sphericity was not met, the 356 
significance of F-ratios was adjusted according to the Greenhouse–Geisser procedure. Relationships 357 
between two variables were explored using Pearson’s product-moment correlation. Paired sample t-358 
tests were used to test for a between-session difference in ERT, SIT100%, and VATMS. All statistical 359 
procedures were performed using SPSS (version 22, Chicago, USA) with the null hypothesis rejected 360 
at an alpha level of 0.05. Effect sizes are presented as partial eta squared (ηp2) for main and interaction 361 
effects and Cohen’s dav for pairwise comparisons.  362 
 363 
Absolute reliability was assessed through calculation of Typical Error of Measurement (TEM = SD of 364 
individual differences / √2) sometimes named ‘Standard Error of Measurement’ (Hopkins 2000). 365 
Systematic biases and random errors were assessed from Bland and Altman plots (Atkinson and Nevill 366 
1998; Hopkins 2000). Heteroscedasticity was examined by plotting absolute differences against 367 
individual means with subsequent calculation of Pearson correlation coefficient following prior check 368 
for normal Gaussian distributions (heteroscedasticity correlation coefficient, HCC). HCC was used to 369 
assess the significance of the relationships. If heteroscedasticity was detected or the differences not 370 
normally distributed, the data were logarithmically transformed. In a second step, heteroscedasticity 371 
and normal Gaussian distribution were tested from the log-transformed data. The 95% absolute or ratio 372 
limits of agreement were calculated accordingly. Relative reliability was quantified through calculation 373 
of Intraclass Correlation Coefficient (two-way random effect; A,1; (McGraw and Wong 1996)). Due to 374 
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the ceiling effect associated with the measure of cortical VA, ICC was not calculated for this variable 375 
(Clark et al. 2007). 376 
 377 
The smallest detectable change or the minimum chance for a change likely to be ‘real’ (P<0.05) for one 378 
individual was also calculated for each key variable (SDCind = 1.96 x √2 x SEM; (Terwee et al. 2010)). 379 
To be noted, SDC is the same as the 95% limit of agreement from the Bland and Altman plot. Sample’s 380 
SDC values were derived from SDCind (Terwee et al. 2010). Responsiveness of the key measures of 381 
neuromuscular fatigue was ascertained for each participant and for the sample of participants when an 382 
individual pre- to post-intervention difference ( change) and the mean change in the individual 383 
differences ( change in the mean) were greater than SDCind and SDCsample, respectively (Table 3). 384 
 385 
Results 386 
 387 
Exercise task performance 388 
The fatiguing task lasted 164 ± 36 s with no between-session difference (F(1,9) = 0.22, P=0.65, ηp2=0.02) 389 
in the decrease in MVC torque (F(1,9) = 83.8, P<0.001, ηp2=0.90) from the first (Session 1: 200 ± 53 390 
N.m; Session 2: 204 ± 40 N.m) to the last repetition (Session 1: 130 ± 33 N.m; Session 2: 138 ± 20 391 
N.m). There was not significantly difference between the two sessions (F(1,9) = 1.00, P=0.34, ηp2=0.10). 392 
There was no between-session difference in the average of the MVCs over the fatiguing task (Session 393 
1: 166 ± 41 N.m; Session 2: 170 ± 28 N.m; t(9)=-1.08; P=0.31) and the level of contraction maintained 394 
throughout the sections at targeted 50% MVC (Session 1: 150 ± 24 N.m; Session 2: 157 ± 28 N.m; 395 
t(9)=-0.66; P=0.53). The high ICC2,1 (averaged MVC scores: r=0.85, P=0.001; 50% of MVC: r=0.89, 396 
P<0.001) and low typical error between the two sets of data (averaged MVCs: 8.4% of the mean; 50% 397 
of MVC: 10.1% of the mean) evidence strong absolute and relative reliabilities of the fatiguing task 398 
between session 1 and 2. 399 
 400 
 401 
Table 1. here please 402 
 403 
Reliability of neuromuscular assessment 404 
Absolute and relative reliabilities for all variables pre-and post-exercise are presented in Table 2. Data 405 
for 100% of MVC and POT is included for further information. For each variable, the between-session 406 
difference was not significant (Table 2; P>0.05). 407 
 408 
Table 2. here please 409 
 410 
Figure 2. here please 411 
 412 
Voluntary EMG during neuromuscular assessments 413 
 414 
RMS.Mmax-1 for the VL did not differ between sessions (50%MVC: F(1,8)=0.015, P = 0.907, np2 = 415 
0.002; 75%MVC: F(1,8)=0.142, P = 0.716, np2 = 0.017; 100%MVC: F(1,8)=0.794, P = 0.399, np2 = 416 
0.090), but decreased significantly post-exercise for two of the three levels of contraction (50%MVC: 417 
F(1,8)=8.582, P = 0.019, np2 = 0.518; 75%MVC: F(1,8)=4.978, P = 0.056, np2 = 0.384; 100%MVC: 418 
F(1,8)=19.964, P = 0.002, np2 = 0.714). The post-hoc test following upon session x condition interaction 419 
effects obtained for each level of contraction (50%MVC: F(1,8)=8.076, P = 0.022, np2 = 0.502; 420 
75%MVC: F(1,8)=12.193, P = 0.008, np2 = 0.604; 100%MVC: F(1,8)=15.446, P = 0.004, np2 = 0.659) 421 
revealed RMS.Max-1 pre-exercise was significantly different between the two sessions for 100%MVC 422 
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(Session 1 Pre: 0.085 ± 0.018 vs. Session 2 Pre: 0.069 ± 0.014; P = 0.035). This was not accompanied 423 
with a chance in Mmax between the two sessions (Session effect: F(1,8)=0.219, P = 0.652, np2 = 0.027). 424 
 425 
 426 
Relationship between the SIT and voluntary torque 427 
 428 
Absolute torque values for the sets of three voluntary contractions (VC) and three SITs used to 429 
calculate ERT are presented in Table 1. Representative SITs for each contraction intensity are 430 
presented in Figure 3, with VL and BF MEPs for the specific SIT also shown. There was no significant 431 
difference between the two sessions for each variable (VC: F(1,9)=0.30, P=0.59, ηp2=0.03; and SIT 432 
F(1,9)=0.03, P=0.86 ηp2=0.004;). There was a significant decrease in SIT as the level of voluntary 433 
contraction increased (F(2,18)=55.9, P<0.01, ηp2=0.93). The relationship between SIT and VC torque 434 
amplitudes was analyzed using linear regressions (Figure 4). The linearity of the three-point 435 
relationships  was only statistically significant for 16 of the 120 relationships (session 1 and 2; within-436 
NMA set 1, 2, and 3; n=10; P<0.05, r2 of 1); the remaining 104 relationships were not linear (P>0.05, 437 
r2=0.89 ± 0.13). Because so few of these relationships were linear, these data were not analyzed 438 
further. 439 
 440 
The nine-point linear regression was significant for each individual NMA carried out pre-exercise 441 
(P<0.05). The relationship post-exercise was not linear for one participant (r2 = 0.33; P=0.11). 442 
Removal of one identified outlier in their data set (a SIT at 50%MVC; >1.96 SD from casewise 443 
diagnostic) led to a significant relationship (r2=0.61; P=0.02), with an 8-point regression used for ERT 444 
determination as a consequence. All other individual 9-point regressions were significantly linear 445 
(P<0.05). The two-way ANOVA with repeated measures found no significant difference in the models 446 
goodness-of-fit (r2=0.91 ± 0.03 pre-exercise, session 1; r2=0.88 ± 0.05 pre-exercise, session 2; r2=0.82 447 
± 0.12 post-exercise, session 1; r2 = 0.80 ± 0.10 post-exercise, session 2; F(1,9)<0.1; P=0.98, ηp2<0.01) 448 
and standard error in the ERT estimates (3.23 ± 1.10 N.m pre-exercise, session 1; 3.72 ± 1.42 N.m  pre-449 
exercise, session 2; 2.38 ± 0.92 N.m post-exercise, session 1; 2.20 ± 1.09 N.m post-exercise, session 2;  450 
F(1,9)=0.19; P=0.68, ηp2=0.02) between the two sessions but with a significantly weaker r2 (F(1,9)=12.5; 451 
P=0.006, ηp2=0.58) and smaller SE-ERT (F(1,9)=10.8; P=0.009, ηp2=0.54) post-exercise. No significant 452 
difference was depicted for the SE associated with estimation of the slope of the relationship (P>0.05). 453 
 454 
Figure 3. here please 455 
Face validity of the neuromuscular assessment 456 
To examine whether there was a fatiguing effect of the NMA pre-exercise, or a recovery between 457 
NMA sets post-exercise, MVC and POT were recorded immediately before and after each 458 
neuromuscular assessment (Figure 5). A three-way ANOVA (session x NMA x exercise) did not find a 459 
significant between-session difference (P>0.05; ηp2=0.12 for POT and ηp2=0.009 for MVC) or session-460 
factored interaction effect (P>0.05; exercise x session: ηp2=0.06 for POT and ηp2=0.16 for MVC; NMA 461 
x session: ηp2=0.09 for POT and ηp2=0.006 for MVC). The sets of data from the two sessions were 462 
therefore pooled together for further investigation of a possible effect of the NMA protocol (n=20). 463 
Interaction effects (MVC: F(1,19)=32.4, P<0.001, ηp2=0.63; POT: F(1,19)=5.60, P=0.026, ηp2 =0.235) 464 
showed that the NMA reduced MVC and POT pre-exercise (MVC: -12.5 ± 18.2 N.m, P=0.006; POT: -465 
2.90 ± 2.88 N.m, P<0.001). Only MVC significantly recovered during the NMA performed post-466 
exercise (15.1 ± 15.6 N.m, P<0.001). POT was not statistically different despite a clear trend (6.9 ± 3.9 467 
N.m, P=0.06), with visual inspection of Figure 5 indicating POT recovered in all but one participant. 468 
 469 
Exercise significantly reduced MVC torque (27%; F(1,9) = 63.6, P<0.001, ηp2=0.88) and POT (39%; 470 
F(1,9) = 87.2, P<0.001, ηp2=0.91; Table 2). When normalized to MVC, SIT did not change significantly 471 
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following exercise (F(1,19) = 1.74, P=0.20, ηp2=0.24, Table 1). However, there was a significant change 472 
in absolute SIT scores (in N.m) (F(1,9) = 41.3, P<0.01, ηp2=0.82; Table 1), with larger decreases at lower 473 
% MVCs (F(2,18) = 67.7, P<0.01, ηp2=0.88; Table 1). These changes led to significant decreases in both 474 
slope (F(1,9) = 18.2, P<0.01, ηp2=0.67) and y-intercept (e.g. ERT; 46%; F(1,9) = 72.9, P<0.001, ηp2=0.89; 475 
Table 2) of the linear relationship between SIT and VC following exercise (Figure 2). VATMS decreased 476 
significantly as a consequence (13%; F(1,9) = 40.7, P<0.001, ηp2=0.82; Table 2).  477 
 478 
Figure 4. here please 479 
 480 
The responsiveness of the NMA to fatiguing exercise, examined using calculation of smallest 481 
detectable change (Terwee et al. 2010), is displayed in Table 3. Any individual change from pre- to 482 
post-exercise (change) greater than SDCind was deemed a ‘detectable’ change. This was calculated 483 
using pre-exercise SDCind (Table 3, 3rd column) and post-exercise SDCind (4th column). A change in the 484 
sample’s mean was deemed a ‘detectable change’ when greater than the pre- (Table 3, columns 5 and 485 
6) and post-exercise SDCsample (Table 3, columns 7 and 8). 486 
 487 
Table 3. here please 488 
 489 
Discussion 490 
 491 
The present study examined the reliability and validity of the three-contraction neuromuscular 492 
assessment protocol routinely used to measure VATMS of the knee extensors. Absolute and relative 493 
reliability, face validity, and responsiveness to a fatiguing exercise for the determinants of VATMS were 494 
measured. As hypothesized, whilst the NMA had acceptable reliability pre-fatiguing exercise, it was 495 
less reliable after. The relationship between SIT and voluntary torque, used to calculate ERT, was only 496 
linear when nine points were used in the model. The NMA itself induced fatigue pre-exercise, and 497 
there was recovery of neuromuscular performance during the NMA post-exercise. These results 498 
suggest that the calculation of VATMS using the established three-contraction protocol may be 499 
problematic. To our knowledge, this is the first study quantifying absolute and relative reliability of 500 
these three variables at pre-and post-fatiguing exercise. An intermittent isometric fatiguing exercise 501 
reported to induce neuromuscular fatigue in the knee extensors (Gruet et al. 2014) was used in the 502 
present study. Performance in the task was reliable and reduced peak torque. The decrements in both 503 
MVC and POT were greater than the pre- and post-exercise typical error and their respective smallest 504 
detectable change obtained in the present study for both measures (Table 2 and 3) and therefore display 505 
detectable change. 506 
 507 
The present findings regarding TEM (in % of the mean) for VATMS (2.5% and 11.9% in the fresh and 508 
fatigued muscle fibers recruited with TMS, respectively; Table 2) are consistent with the between-509 
session coefficients of variation reported in the literature (< 3% pre-exercise; (Goodall et al. 2009); 510 
(Goodall et al. 2017); (Thomas et al. 2015); (Thomas et al. 2016); 5-18% post-exercise; (Goodall et al. 511 
2017)) and suggest that changes in VATMS measured in a fresh state are likely to be detected (Table 2 512 
and 3). Some caution is warranted however, considering the very poor reliability of SIT100%, one of 513 
VATMS constituents (Table 2), and a lack of sensitivity in VATMS in response to a change in SIT100% (as 514 
previously reported in (Goodall et al. 2009)). This may be due to the fact that both determinants of 515 
VATMS, i.e. SIT100% and ERT (Equation 1), share putative mechanisms and can therefore be affected by 516 
the same covariates. Examples would be peripheral fatigue (Contessa et al. 2016) or co-activation of 517 
the knee flexors with TMS (technical challenge 1, (Todd et al. 2016)). When SIT100% and ERT are 518 
affected in similar proportions, VATMS as a ratio remains the same (Equation 1). Furthermore, because 519 
of the orders magnitude of the SITs compared to the voluntary contractions (about a fifth), a large 520 
change in SIT100% (increase caused by a sub-maximal MVC for example) will have an inherently small 521 
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impact (decrease) on the extrapolated ERT and computed VATMS (Equation 1). This may explain the 522 
better reliability of ERT alongside VATMS despite weak reliability in SIT100%.  523 
 524 
Absolute reliability of SIT100% has only been reported once (pre-exercise with similar findings; 525 
(Goodall et al. 2009)) yet has a critical influence of VATMS estimation (Equation 1). This intra-526 
individual variability in the present study could be partially due to variability in recruitment of the 527 
antagonists (MEP responses in the antagonist BF were session-dependent in our study; Figure 1), and / 528 
or the NMA protocol implemented. The present protocol was proposed in the original NMA protocol 529 
(Goodall et al. 2009; Sidhu et al. 2009a) and is still in use today (Brownstein et al. 2017; Thomas et al. 530 
2016; Thomas et al. 2015). In the present study, mean torque developed voluntary while evoking 531 
SIT100% through TMS was sub-maximal (96 ± 2% and 98 ± 3% of the pre-determined MVC for pre- 532 
and post-exercise, respectively; the former was significantly different to 100%, P<0.05) and could be a 533 
result of antagonist co-activation ((Todd et al. 2016); Figure 1). To our knowledge, there is no report of 534 
such data to compare our results with. Recent publications show that some research groups have 535 
modified the NMA protocol to measure SIT100% during a ‘true’ MVC (Bachasson et al. 2016; Gruet et 536 
al. 2014) in order to strengthen both face validity of the measure and internal validity of the 537 
experiment. This however remains speculative with an inherent effect of human behavior on any 538 
voluntary contraction (Peacock et al. 1981; Tok et al. 2013), and with no evidence of better consistency 539 
or higher reliability in both MVC scores when evoking SIT100%, and SIT100% itself, when using the 540 
modified NMA protocol. The poor reliability of SIT100% in the present study (Table 3) is worrisome 541 
considering its direct threat to VATMS validity itself. The difference in RMS.Mmax-1 between the two 542 
sessions for the 100%MVC level while Mmax, i.e. sarcolemmal excitability, remained unchanged may 543 
also be considered here. Whilst the limitations of surface EMG are well known (Vigotsky et al. 2017), 544 
if this discrepancy was due to differences in neural drive, it could explain the poorer reliability indices 545 
post-exercise for SIT100% and ERT (Table 2). 546 
 547 
Based on post-exercise reliability, analysis of VATMS change following the exercise intervention shows 548 
that the detection of a detectable reduction for a given participant was unsuccessful in 18 of the 20 549 
measures (reductions < 27.1%), and was also unsuccessful for one of the two visits when considering 550 
the smallest detectable change for the sample’s mean (8.6%). This is despite a large decrement in 551 
VATMS following the intermittent fatiguing exercise (-13 ± 10%). The present lack of responsiveness 552 
calls into question the interpretation of similar changes following the same intermittent fatiguing 553 
exercise (Gruet et al. 2014).  554 
 555 
Research methodologies for the modeling of the linear relationship and the goodness-of-fit of the 556 
model between SIT and VC can be particularly unclear (Todd et al. 2016). In the present study, 85% 557 
(104 out of 120) of the three-point relationships were not significantly linear, thus despite 63% of them 558 
(65 / 104) exceeding the arbitrary level of r2 acceptability as per literature (i.e. > 0.90; (Hunter et al. 559 
2006)). To our knowledge, the significance of three-point relationship has never been reported for the 560 
knee extensors as the sole report of r2 is routinely accepted as a sufficient indicator of the goodness of 561 
fit of the model in the research field (Bachasson et al. 2016; Goodall et al. 2009; Gruet et al. 2014; 562 
Sidhu et al. 2009b; Thomas et al. 2016; Thomas et al. 2015). Some ERT calculations have been based 563 
on the performance of only one set of three contractions in some published work (i.e. 50, 75, and 564 
100%MVC; (Sidhu et al. 2009b); (Goodall et al. 2009); (Gruet et al. 2014)). Others have used averages 565 
over the three sets of contractions to model the SIT - VC relationship (Goodall et al. 2009; Thomas et 566 
al. 2016; Thomas et al. 2015). While there may be a temptation to model a three-point relationship for 567 
computation of ERT, especially following a fatiguing exercise when recovery is a threat to face 568 
validity, one must be aware that in addition to the lack of significance of such relationship, standard 569 
errors associated with the y-intercept of the relationship (i.e. SE-ERT) is likely to be 20% of the ERT 570 
mean, whether pre- or post-exercise, yielding to extremely poor accuracy in the estimates (95% CI of ± 571 
247% of the mean). This is concerning considering most studies investigating VATMS of the knee 572 
extensors have used a three-point relationship so that accuracy of ERT estimates, and detection of a 573 
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real / true effect of their intervention is questionable; intervention-induced ERT change would lie 574 
within inaccuracy range. 575 
 576 
In the present study, nine points (eight in one occasion) were also entered in the model, with no 577 
difference in the goodness-of-fit of the data between the two visits, and a better fit of the linear model 578 
pre- compared to post-exercise. Based on these findings, a ‘true’ effect of the exercise on VATMS was 579 
therefore detectable in 85% of the individual cases (>SDC,Table 3; of interest, 7.5% of the cases for 580 
the three-point relationship). The 85% chance of detecting a ‘real’ change for a given participant is 581 
explained by the very large decrement in ERT following the fatiguing exercise in the present study (-582 
46%). These changes are great enough to be deemed of true value (>SDC; Table 3). Issue with the poor 583 
linearity of the   three-point relationship put aside, some other interventions have shown to reduce ERT 584 
significantly, but to smaller extent (10 and 20 minutes of moderate intensity cycling, - 27% and 37% 585 
respectively,(O'Leary et al. 2016) ; 6 sustained MVCs in females, -27%, (Hunter et al. 2006); 120 586 
minutes of simulated soccer, -20%, Goodall et al., 2017) The size of the effect is within our SDC range 587 
for a given sample (Table 2 and 3) so that the meaningfulness of these changes is questionable.  588 
 589 
There are limitations associated with a NMA protocol: The present study was designed to ascertain 590 
whether the main measurement outcomes hold face validity in a fresh muscle (pre-exercise) by testing 591 
for a fatigue effect, and in a fatigued muscle (post-exercise) by testing for a recovery effect. 592 
Interestingly, both mean MVC and POT were significantly reduced following the pre-exercise NMA 593 
protocol, indicating a development of neuromuscular and peripheral fatigue throughout the nine-594 
contraction protocol. Longer time periods between contractions could be implemented in the future. 595 
The data also showed a rapid recovery of MVC force throughout the post-exercise NMA (Figure 5). 596 
The use of 25 and 15 s between maximal and submaximal contractions – these are shorter time periods 597 
compared to the original protocol (45 s and 15 s) of (Goodall et al. 2009) - still provided a window for 598 
recovery to occur (Gruet et al. 2014); (Mira et al. 2017). A shorter NMA protocol should be considered 599 
when purposing the measure of VATMS following exercise. 600 
 601 
The present study assessed VATMS using guidelines set from the maximum of three MVCs (Table 1). 602 
Three to six MVCs have previously been used to set guidelines for subsequent sub-maximal 603 
contractions (Goodall et al. 2009); (Goodall et al. 2017); (Brownstein et al. 2017)). From the present 604 
data (Table 1), it is evident that the use of three MVCs during the NMA induces a degree of 605 
neuromuscular fatigue. Therefore, the pre-exercise NMA may not have been performed in a truly non-606 
fatigued muscle. Although the present pre-exercise VATMS values are comparable to those reported 607 
using NMA with fewer MVCs (e.g. (Bachasson et al. 2016)), it is possible that pre-exercise VATMS 608 
may have been underestimated as a consequence. Conversely, it is also possible that post-exercise 609 
VATMS may have been affected by the sets of three MVCs used to set guidelines for subsequent sub-610 
maximal contractions. Interestingly in this instance, the fatigue-inducing effect may have offset the 611 
recovery effect. A less strenuous NMA protocol should nonetheless be considered.  612 
 613 
This study normalised MEP amplitudes to an Mmax evoked at rest as evidence suggests this does not 614 
change with contraction intensities in non-fatigued muscle (Bachasson et al. 2016). The same 615 
procedure was performed post-exercise, despite a lack of evidence to suggest this phenomenon occurs 616 
in fatigued muscle. Thus, the null-effect of exercise on corticospinal excitability must be considered 617 
with caution, as Mmax were not evoked at each contraction intensity used for assessment of VATMS. 618 
Finally, a limitation of the present study is the sample size: As previously suggested (Hopkins 2000), 619 
optimal precision in reliability studies requires a large number of participants. At the time of writing 620 
however, and most likely due to research participant burden, studies documenting the reliability of 621 
VATMS, or just measuring VATMS in healthy humans, typically involve 8-13 participants (Sidhu et al. 622 
2009; Goodall et al. 2009, 2017; Thomas et al. 2015, 2016). Any sample-based inference (SD) should 623 
be deemed acceptable, while population-wide generalization (SEM) might be limited when made on 624 
the present data.  625 
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Conclusion 626 
 627 
The present study exposes the weaknesses of a three-contraction protocol for estimation of VATMS in 628 
the knee extensors. Despite acceptable levels of absolute reliability pre-exercise, our results 629 
demonstrate a need to consider post-exercise reliability when investigating exercise-induced central 630 
fatigue. When doing so, VATMS does not respond to a fatiguing exercise protocol. Extrapolation of ERT 631 
from three-point linear leads to extremely poor accuracy, a nine-point modeling improves estimate 632 
accuracy considerably. However, the face validity of the nine-contraction protocol is threatened by the 633 
development of neuromuscular fatigue when performed prior a fatiguing exercise, and by recovery 634 
when performed at the end of a fatiguing exercise. A compromise between a three- and a nine-635 
contraction protocol should be considered.  636 
 637 
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Tables 781 
  782 
Table 1. Mean + SD torque (N.m) during the neuromuscular assessment, pre and-post fatiguing exercise, across the two trials 
 Trial Pre-NMA NMA 
  MVCs  100% of MVC 75% of MVC 50% of MVC SIT100% 
 
 1st  2nd  3rd  Max 
End 
MVC 
 
Set 1 Set 2 Set 3 Set 1 Set 2 Set 3 Set 1 Set 2 Set 3 Set 1 Set 2 Set 3 
Pre 
Exercise 
1 
240.4 
±60.2 
233.5 
±58.8 
225.7 
±56.8 
243.0 
±61.9 
231.0 
±61.0 
 
233.7 
±57.3 
234.0 
±58.4 
232.9 
±61.1 
178.2 
±45.3 
178.5 
±44.5 
178.6 
±45.9 
119.8 
±30.7 
121.0 
±31.3 
119.1 
±29.5 
2.1 
±1.9 
2.3 
±1.8 
1.8 
±1.1 
2 
236.4 
±50.3 
229.0 
±52.9 
221.95 
±43.4 
237.4 
±51.6 
224.4 
±47.9 
 
231.7 
±49.9 
229.0 
±49.4 
224.9 
±47.9 
174.2 
±39.7 
175.7 
±38.2 
174.9 
±40.7 
115.9 
±24.9 
116.0 
±26.0 
117.7 
±25.9 
1.8 
±1.3 
1.6 
±1.1 
1.8 
±1.5 
 
Post 
Exercise 
1 
162.4 
±47.7 
164.1 
±52.8 
166.5 
±47.5 
171.4 
±51.0 
184.7 
±54.4 
 
169.1 
±50.5 
168.0 
±50.5 
169.7 
±49.7 
125.5 
±37.4 
124.1 
±36.3 
125.2 
±36.8 
86.2 
±25.5 
86.9 
±24.0 
84.5 
±25.6 
2.4 
±1.9 
3.2 
±2.2 
2.5 
±1.6 
2 
167.3 
±31.9 
161.1 
±31.2 
162.5 
±31.9 
171.5 
±30.6 
188.4 
±37.0 
 
169.6 
±31.2 
165.5 
±30.0 
163.3 
±31.8 
127.9 
±22.2 
125.4 
±22.5 
127.5 
±24.9 
85.7 
±13.6 
83.0 
±15.3 
84.1 
±15.4 
3.5 
±2.4 
3.7 
±2.2 
3.1 
±1.8 
MVC; maximum voluntary contraction, NMA; neuromuscular assessment; SIT100%; superimposed twitch during 100% contraction 
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 783 
 784 
Table 2. Descriptive statistics and reliability data for VATMS and constituent variables determined pre- and post-exercise (n=10) 
 
Trial 1 Mean ± SD 
(Range) 
Trial 2 Mean ± SD 
(Range) 
TEM 
(%of the mean) 
Bias SDCind 
(%of the mean) 
ICC2,1 
(95%CI) 
Pre-exercise     
ERT 
35.1 ± 9.7 N.m 
(18.5–46.1) 
35.5 ± 6.9 N.m 
(21.9–44.1) 
4.7 N.m 
(13.4%) 
0.4 
(HO) 
13.1 N.m 
(37.0%) 
.71* 
(.16 - .92) 
SIT100% 
2.1 ± 1.0 N.m 
(0.9–3.4) 
1.7 ± 1.1 N.m 
(0.5–4.2) 
0.9 N.m 
(45.9%) 
-0.4 
(HO) 
2.4 N.m 
(127.3%) 
.34 n.s 
(-.32 - .78) 
VATMS 
94.1 ± 2.4% 
(89.8–97.0) 
94.8 ± 3.8% 
(87.7–98.9) 
2.3% 
(2.5%) 
0.7 
(HO) 
6.5% 
(6.9%) 
n.a. 
100% MVC 
234 ± 59 N.m 
(124 – 300) 
229 ± 49 N.m 
(141 – 288) 
11 N.m 
(4.6 %) 
-5 
(HO) 
30 N.m 
(12.8%) 
.96* 
(86 - .99) 
POT 
56.8 ± 9.9 N.m 
(41.5 – 76.1) 
57.0 ± 7.3 N.m 
(47.9 – 70.7) 
4.0 N.m 
(7.1) 
0.1 
(HO) 
11.2 N.m 
(6.2 %) 
.80* 
(37 - .95) 
Post-exercise      
ERT 
19.5 ± 6.0 N.m 
(8.7–26.7) 
19.0 ± 9.2 N.m 
(7.9–37.7 
4.4 N.m 
(23.1%) 
0.5 
(HO) 
12.3 N.m 
(64.0%) 
.69* 
(.13 - .91) 
SIT100% 
Median: 2.2 N.m 
(1.1–7.0) 
3.4 ± 1.9 N.m 
(0.6–6.4 
1.7 N.m 
(54.6%) 
-0.04 
4.6 N.m 
(151.3%) 
.14 n.s 
(-.50 – .68) 
VATMS 
85.8 ± 6.9% 
(71.4–95.7) 
78.3 ± 12.3% 
(63.2–98.4 
9.8% 
(11.9%) 
n.a. 
27.1% 
(33.1%) 
n.a. 
100% MVC 
169 ± 50 N.m 
(99 – 240) 
166 ± 31 N.m 
(112 – 219 
19 N.m 
(11.2%) 
-2.9 
(HO) 
52 N.m 
(31%) 
.81* 
(40-.95) 
POT 
37.3 ± 10.7 N.m 
(23.5 – 63.4) 
37.9± 6.7 N.m 
(31.0 – 54.7) 
4.8 N.m 
(12.8%) 
0.7 
(HO) 
13.3 N.m 
(35.4%) 
.73* 
(.21 – .92) 
(H0) Homoscledasticity verified (P<0.05); *Significantly correlated (P<0.05); n.c no significant between session-difference (P<0.05); n.a. for non applicable (no 
homoscledasticity on raw untransformed or log transformed data for calculation of Bias ± 95% LA; ceiling effect for ICC) 
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Table 3: Responsiveness of key measures of neuromuscular fatigue to a fatiguing exercise 785 
 
 
 
 
 
 
 
Quality 
Individual 
detectable change 
from pre-exercise 
Individual 
detectable 
change 
from post-
exercise 
Sample’s detectable change 
 
Change in sample’s means 
change > SDCind 
 > pre-exercise 
SDCsample* 
> post-exercise 
SDCsample* 
 Session 
1 
Session 
2 
Session 
1 
Session 
2 
MVC 
(N.m) 
Neuromuscular 
fatigue 
18/20 occurrences 
i.e. 90% of cases 
13/20 occurrences 
i.e. 65% of cases 
Yes Yes Yes Yes 
POT 
(N.m) 
Peripheral 
fatigue 
18/20 occurrences 
i.e. 90% of cases 
15/20 occurrences 
i.e. 75% of cases 
Yes Yes Yes Yes 
SIT100% Critical 
determinant of 
VATMS 
0/20 occurrences 
i.e. 0% of cases 
0/20 occurrences 
i.e. 0% of cases 
No No No No 
ERT 
(N.m) 
Critical 
determinant of 
VATMS 
16/20 occurrences 
i.e. 80% of cases 
12/20 occurrences 
i.e. 60% of cases 
Yes Yes Yes Yes 
VATMS Supra-spinal 
fatigue 
15/20 occurrences 
i.e. 75% of cases 
2/20 occurrences 
i.e. 10% of cases 
Yes Yes No Yes 
change for change from pre- to post-exercise; * SDCsample = SDCind / √𝒏 786 
 787 
 788 
  789 
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Figures 790 
 791 
Figure 1: Motor evoked potential (MEP) amplitude across contraction intensities (% of maximum voluntary 792 
contraction, % MVC) for the VATMS protocol. Panel A: Agonist (vastus lateralis, VL) MEP amplitude 793 
normalized to the maximum muscle potential (MMAX). Panel B: Non-normalised antagonist (BF) MEP 794 
amplitude. * P<0.05 significantly different between time points.  795 
 796 
  797 
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Figure 2: Schematic of the protocol. Abbreviations: MVC maximum voluntary contraction, PNS peripheral nerve stimulation, TMS transcranial magnetic stimulation, NMA 798 
neuromuscular assessment. 799 
 800 
 22 
Figure 3: Representative traces for superimposed twitches (red and blue), and respective MEPs form the vastus lateralis 801 
(black traces) and biceps femoris (grey traces). Data is presented across all contraction intensities pre-and post-exercise. 802 
Panel A: SIT100% pre-exercise, Panel B: SIT100% post-exercise, Panel C:SIT75% pre-exercise, Panel D: SIT75% post 803 
exercise, Panel E: SIT50% pre-exercise, Panel F:SIT50% post exercise, Panel G; Mmax pre-exercise, Panel H: Mmax post 804 
exercise. 805 
 806 
  807 
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Figure 4: Linear regression between voluntary torque and TMS-evoked super-imposed twitch in the fresh and fatigued 808 
knee extensors 809 
 810 
  811 
 24 
Figure 5: Individual MVC and POT values recorded pre and post the NMA performed before and after the fatiguing 812 
exercise. * P<0.05 significantly different between pre- and post-NMA. Abbreviations: MVC maximum voluntary 813 
contraction, NMA neuromuscular assessment, POT potentiated twitch force 814 
 815 
